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SUMMARY

Tensile strengths of as-received Hi-Nicalon and Sylramic fibers and those having monazite surface coatings,
deposited by atmospheric pressure chemical vapor deposition, were measured at room temperature and the Weibull
statistical parameters determined. The average tensile strengths of uncoated Hi-Nicalon and Sylramic fibers were
3.19±0.73 and 2.78±0.53 GPa with a Weibull modulus of 5.41 and 5.52, respectively. The monazite-coated
Hi-Nicalon and Sylramic fibers showed strength loss of ~10 and 15 percent, respectively, compared with the
as-received fibers. The elemental compositions of the fibers and the coatings were analyzed using scanning Auger
microprobe and energy dispersive x-ray spectroscopy. The LaPO4 coating on Hi-Nicalon fibers was approximately
stoichiometric and about 50 nm thick. The coating on the Sylramic fibers extended to a depth of about 100 to
150 nm. The coating may have been stoichiometric LaPO4 in the first 30 to 40 nm of the layer. However, the surface
roughness of Sylramic fiber made this profile somewhat difficult to interpret. Microstructural analyses of the fibers and
the coatings were done by scanning electron microscopy, transmission electron microscopy, and selected area electron
diffraction. Hi-Nicalon fiber consists of fine β-SiC nanocrystals ranging in size from 1 to 30 nm embedded in an
amorphous matrix. Sylramic is a polycrystalline stoichiometric silicon carbide fiber consisting of submicron β-SiC
crystallites ranging from 100 to 300 nm. Small amount of TiB2 nanocrystallites (~50 nm) are also present. The LaPO4
coating on Hi-Nicalon fibers consisted of a chain of peanut shape particles having monazite-(La) structure. The coating
on Sylramic fibers consisted of two layers. The inner layer was a chain of peanut shape particles having monazite-(La)
structure. The outer layer was comprised of much smaller particles with a microcrystalline structure.

1. INTRODUCTION

Silicon carbide fibers are being used as reinforcement (refs. 1 to 4) in ceramic matrix composites (CMC). Hi-Nicalon
and Sylramic are the most advanced silicon carbide fibers that are commercially available in the form of small diameter
multifilament tows. In order to achieve high strength and, in particular, high toughness in fiber-reinforced CMCs, the
fiber-matrix interface must be sufficiently weak (refs. 1 to 3) so that an advancing matrix crack can be deflected at the
interface by fiber/matrix debonding. This is generally achieved through engineering the interface by application of
surface coatings on the fibers. Carbon and BN are the most common interface coatings (refs. 1 to 4) currently being used.
Variations of BN, such as pyrolytic boron nitride (p-BN) and silicon-containing pyrolytic boron nitride (p-B(Si)N), have
also been tried because of their better stability (ref. 5) than BN. At elevated temperatures, p-B(Si)N shows 1-3 orders
of magnitude greater oxidation resistance than p-BN and is also more resistant to moisture containing atmosphere
(ref. 5). However, all these coatings have only limited thermo-oxidative stability, particularly at intermediate tempera-
tures. More recently, a number of oxides, including LaPO4 ((La)-monazite, hereinafter referred to as monazite)), have
been investigated (refs. 6 to 13) as fiber/matrix interface coatings, especially for oxide/oxide composites. It is, therefore,
necessary to know if the application of these surface coatings results in any strength degradation or microstructural
changes in SiC fibers. Tensile strengths of Nextel 720TM fibers were degraded by 25 to >50 percent when coated with
monazite (ref. 11).
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Mechanical, chemical and microstructural characterization of Hi-Nicalon and HPZ fibers having different types of
BN and BN/SiC coatings have recently been reported by Bansal et al. (refs. 14 and 15). More recently, monazite is being
investigated as an interface coating for silicon carbide fiber reinforced celsian matrix composites by the present author.
The primary objective of the present study was to examine the effects of monazite surface coatings on the tensile strength
of Hi-Nicalon and Sylramic fibers. Another objective was to carry out chemical and microstructural characterization of
the fibers and the coatings. Microstructural analysis was done by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Elemental compositions and thickness of the fibers and the coatings were determined by
scanning Auger microprobe (SAM), energy dispersive x-ray spectroscopy (EDS), and electron microscopy. Room
temperature tensile strength was measured and the Weibull statistical parameters determined for coated and uncoated
fibers.

2. MATERIALS

Hi-Nicalon fiber from Nippon Carbon Co. and Sylramic fiber from Dow Corning were used in the present study.
The properties of the as-received fibers are shown in Table I. Hi-Nicalon fibers consist of β-SiC and a small amount
(<1 wt %) of silicon oxycarbide. This fiber also contains 30 to 40 at. % excess carbon, which is also reflected in its low
elastic modulus. A large variation (10 to 18 mm) in the fiber diameter was observed with an average value of 13.5 µm,
which is in very good agreement with the value of ~14 µm reported by the manufacturer. Sylramic is a polycrystalline
stoichiometric silicon carbide fiber with an average diameter of 10 mm. It shows excellent corrosion resistance, oxidation
resistance, high thermal conductivity, high modulus, and strength retention up to about 1400 °C. The surface of Sylramic
fiber is significantly rougher than that of Hi-Nicalon fiber.

The polyvinyl alcohol (PVA) sizing on the as-received fibers was burned off in a Bunsen burner flame. The fiber
tows were continuously coated with monazite at 540 °C by Advanced Technology Materials, Inc. by an atmospheric
pressure chemical vapor deposition (CVD) method (ref. 8) followed by annealing at 1000 °C. Single filaments were
carefully separated from the fiber tows for testing.

TA BL E I . P RO P ERTI E S  O F  H I - N I CA L O N  A N D  S Y LRA M I C F I BERS 

Property Sylramica Hi-Nicalonb

Density, g/cm3 3.0 2.74

Diameter, mm 10 14

Filaments/tow 800 500

Denier, g/9000m 1600 1800

Tensile strength, GPa 3.4 2.8

Elastic modulus, GPa 386 269

Thermal expansion coefficient, 10-6/K 5.4 (20-1320∞C) 3.5 (25-500∞C)

Specific heat, J/g-K 0.75 0.67 (25∞C)

1.17 (500∞C)

Thermal conductivity, W/m-K 40-45 7.77 (25∞C)

10.1 (500∞C)

Electrical resistivity, ohm-cm 1.4

Chemical composition, wt % 66.6 Si, 28.5 C, 0.8 O, 2.3 B,

2.1 Ti, 0.4 N

63.7 Si, 35.8 C, 0.5 O

C/Si, atomic ratio 1.0 1.3-1.4

Temperature capability, ∞C 1400 1200

aData from Dow Corning Corporation
bData from Nippon Carbon Co.

3. EXPERIMENTAL

3.1. Electron microscopy

The surfaces of the fibers were examined using SEM and TEM. For cross-sectional analysis, fibers were mounted
in a high temperature epoxy and polished before examination. A thin carbon coating was evaporated onto the SEM
specimens to provide electrical conductivity prior to analysis. Fiber cross-sectional thin foils for TEM were prepared
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using a procedure developed for ceramic fibers which involves epoxy potting, sandwiching, slicing, tripod polishing, and
argon ion milling. SEM was performed using a JEOL JSM-840A operating at 15 keV. X-ray elemental analyses were
done using a Kevex thin window energy dispersive spectrometer (EDS) and analyzer. The TEM thin foils were examined
in a Philips EM200 operating at 120 keV equipped with a Kevex EDS and a Gatan Image Filter (GIF) for elemental
analysis.

3.2. Scanning Auger Analysis

3.2.1. Sample Preparation.— Each fiber-tow was cut to about 1cm length. Individual fibers were then extracted from
the tow and mounted for depth profiling on a stainless steel surface. The fiber segments were held at each end by a droplet
of aqueous colloidal graphite suspension (DAG) which was allowed to dry at a temperature less than 40 °C. The fibers
were otherwise untreated before analysis.

3.2.2. Spectroscopy.—Auger Electron Spectroscopy (AES) was performed on a VG Scientific MicroLab 310F
scanning Auger microprobe. In the spectrometer, the fiber was tilted at 60° to the electron beam, and a smooth portion
of the fiber was imaged at 5 kX magnification. The electron beam energy was 2 keV and the current ~3 nA. During
analysis, the electron beam was rastered over an area ~1 by 5 µm along the length of the fiber, and the spectrum of
secondary electrons was recorded. The sample tilt, low electron-beam energy and large area of analysis prevented the
sample from charging and distorting the secondary electron spectrum.

The raw data consisted of the areas under features in the spectrum corresponding to the elements present. These areas
were converted to atomic percent by dividing by empirical sensitivity factors and normalizing the results to total
100 percent. The sensitivity factors were determined from the spectra of standard materials after Ar-ion etching. The
etching was necessary to take into account the differential sputter rate of different elements in a compound. These
sensitivity factors were thus characteristic of the sputter-etched materials. However, the effect of differential sputtering
is dependent on the structure and precise stoichiometry of the material as well as other factors. Thus the effect may be
different in the standards and the materials analyzed. Therefore, the values of atomic-percent reported here are subject
to inevitable uncertainties of at least 5 percentage points.

Depth profiles (plots of composition versus depth below the material surface) were acquired by repeated cycles of
analysis and Ar ion-beam etching to remove material. The ion-beam energy was 3 keV, the beam current was
500 nA and the beam was rastered over an area ~2 by 2 mm. The etch rate under these conditions was measured by etching
a 100 nm thick Ta2O5 film, and found to be 0.04 nm/s. All the depth profiles shown have a depth scale determined by
multiplying the etch time by that rate. The depths reported are therefore only nominal values, since the etch rate will vary
from one material to another, however a comparison of depths in the same material is valid.

An important factor in interpreting depth profiles is the depth-resolution of the technique. An atomically flat
interface would not appear that way in a depth profile for two reasons. First, the electron spectrum, while sensitive to
the outermost atomic layer of a surface, also has a contribution from layers below. The contributing depth depends on
the particular energy being analyzed but can be 3 to 10 nm. Secondly, the process of ion-etching disrupts the surface
region, effectively homogenizing a layer with a thickness that generally increases with etching depth, being 5 to
10 percent of the depth in our case. In addition, the ion etch rate depends on the angle of incidence of the ion beam.
Therefore, on rough surfaces, there will be a range of etch rates which will contribute to a “smearing” of features that
will increase as the depth increases. In the present instance this may be important in the profile of the Sylramic fiber which
has significant roughness.

3.3. Tensile Strength Measurements

Room temperature tensile strengths of the individual filaments were measured in ambient atmosphere with a screw
driven Micropull fiber test frame equipped with pneumatic grips [16]. A 1000 g load cell, Sensotec model 34, was used.
Measurements were carried out at a constant crosshead speed of 1.261 mm/min (0.05 in./min). A single filament was
mounted on a picture frame shaped paper tab using Hardman extra fast setting epoxy. The side portions of the tab were
cut with a hot wire just before application of the load producing a fiber gage length of 2.54 cm (1 in.). Twenty filaments
of each type of fiber were tested. Weibull parameters for tensile strength of fibers were calculated based on an average
fiber diameter of 13.5 µm for Hi-Nicalon and 10.8 µm for Sylramic.
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4. RESULTS AND DISCUSSION

4.1. Electron Microscopic Analysis

4.1.1. Hi-Nicalon fiber.—SEM micrographs showing the surface of as-received, flame desized Hi-Nicalon fibers
are presented in figure 1. The fiber surface appears to be fairly smooth and featureless. EDS compositional spectra
(fig. 2) taken from the polished cross-section of the fiber indicate the presence of only Si and C along with a small amount
of oxygen which is in qualitative agreement with the manufacturer’s data (table I). A pair of TEM bright-field (a) and
dark-field (b) images from Hi-Nicalon fiber along with the selected-area diffraction pattern (SADP) shown as the inset
are given in figure 3. These results indicate that Hi-Nicalon fiber consists of a SiC nano-crystalline structure, i.e., fine
β-SiC crystallites (white features in dark-field) of size ranging from 1 to 30 nm which are imbedded in an amorphous
matrix, probably carbon. The apparent mean grain size of the β-SiC crystallites calculated from the width of the (111)
X-ray diffraction peak at mid-height using the Scherrer equation has been reported (refs. 17 and 18) to be about 3 to
5 nm. No peak assigned to turbostratic carbon was observed (ref. 17) in the X-ray diffraction.

4.1.2. Hi-Nicalon/LaPO4 fiber.—SEM micrographs taken from the surface of monazite coated Hi-Nicalon fibers
are given in figure 4. The coating on most of the fibers is generally uniform and smooth. However, some fibers have a
very thick and nonuniform coating (fig. 4(b)). TEM bright-field image of the monazite-coated Hi-Nicalon fiber is shown
in figure 5(a). The coating consists of a chain of peanut shape particles with an average thickness of 20 nm, which is much
thinner than the coating of Sylramic fiber. Microdiffraction (fig. 5(b)) and EDS (fig. 5(d)) analysis show that the peanut
shape particles have the monazite-(La) structure, i.e., LaPO4. SADP (fig. 5(c)) from the fiber indicates its nanocrystalline
structure. The high-resolution images (fig. 6) show the interface between fiber and coating, where figure 6(b) is the
interface between fiber and a monazite crystallite and figure 6(a) is the interface between the fiber and the amorphous
region between two monazite crystallites. The amorphous region is high in oxygen and low in lanthanum as indicated
by EDS in figure 5(e) and elemental maps using GIF in figure 7. Figure 7(a) is the bright-field image of the fiber and
coating where elemental maps of carbon (fig. 7(b)), lanthanum (fig. 7(c)) and oxygen (fig. 7(d)) were taken. In the
elemental maps, the bright area indicates the particular element rich region. The results obtained by comparison of the
elemental dot maps in figure 7 are in agreement with the EDS data, i.e., the amorphous area between the monazite
crystallites is richer in oxygen and poorer in lanthanum than the monazite.

4.1.3. Sylramic fiber.—An SEM micrograph showing the surface of as-received, flame desized Sylramic fibers is
presented in figure 8. The fiber surface appears to be fairly smooth and featureless. The diameter of Sylramic fiber ranged
from 8 to 10 µm. The selected-area electron diffraction pattern (SADP) in figure 9(b) and EDS analysis in figure 9(c)
indicate that this fiber consists of a SiC polycrystalline structure. The size of the SiC crystallites range from 100 to
300 nm, as seen from the bright-field image (Fig. 9(a)). Small amounts of oxygen and titanium were also detected from
EDS analysis (fig. 9(c)) of the fiber. The small particles of average size 50 nm (some of which are marked by arrows)
in the TEM bright-field image (fig. 9(a)) were identified as TiB2 crystallites from EDS (fig. 9(d)) and microdiffraction
analyses.

Figure 1.—SEM micrographs (a) and (b) showing surface of desized Hi-Nicalon fibers.

10 �m(a) 10 �m(b)
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Figure 2.—EDS spectra from the cross-section of
   desized Hi-Nicalon fiber at 3 kV.

3 kV

Figure 3.—Pair of TEM bright-field (a) and dark-field (b)
   images from desized Hi-Nicalon fiber. The SADP
   is shown as inset.

0.1 �m

(b)

(a)

Figure 4.—SEM micrographs (a) and (b) from surface of LaPO4 coated Hi-Nicalon fibers showing large differences
   in coating thickness.

10 �m 1 �m(a) (b)
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Figure 5.— TEM cross-sectional image (a) of the monazite-coated Hi-Nicalon fiber, electron micro-diffraction
   pattern from one of the monazite crystallites (b), SADP from the fiber (c), EDS from the monazite cystrallites
   (d) and the amorphous region (e) between the monazite crystallites.
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Figure 6.—TEM high resolution images from the interface between the Hi-Nicalon fiber and the amorphous region
   of the coating (a) and the interface between the Hi-Nicalon fiber and the monazite crystallite of the coating (b).

(a) (b)(b)(a)

6 nm 6 nm
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Figure 7.—TEM bright-field image of the monazite-coated Hi-Nicalon fiber (a) and the corresponding GIF
   elemental maps of carbon (b), lanthanum (c) and oxygen (d).

30 nm

(b) (d)

(c)(a)
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Figure 8.—SEM micrograph showing surface of desized Sylramic fibers.

10 �m



NASA/TM—2000-210208     10

Figure 9.—TEM cross-sectional image of the Sylramic fiber (a), SADP from the fiber (b), EDS from the fiber (c) 
   and the TiB2 particle (d), respectively.
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4.1.4 Sylramic/LaPO4 fiber.— An SEM micrograph showing the surface of monazite coated Sylramic fiber is
presented in figure 10. The coating quality varies from smooth, thin and uniform to granular, thick and defective. The
coating appears to have cracked on some of the filaments. A bright-field image of the monazite-coated Sylramic fiber
is shown in figure 11(a). The fiber surface coating consists of two layers. The inner layer is a chain of peanut shape
particles (average thickness 100 nm and length 200 nm) and the outer layer consists of much smaller (average 30 nm)
particles. The outer coating varies in thickness and was as thick as 500 nm. Electron microdiffraction (fig. 11(b)) and
EDS (fig. 11(d)) analyses indicate that the peanut shape particles consist of monazite-(La) structure, i.e., LaPO4. No
significant differences could be observed in the compositions of the inner and outer layers of the coating from EDS
analyses (figs. 11(d) and (e)). TEM micrograph of the two-layer coating and fiber area (fig. 12(a)) and the corresponding
La map (fig. 12(b)) indicates high lanthanum content in both the outer coating and the peanut shape monazite crystallites
of the inner coating, but low La in the amorphous region of the inner coating. However the SADP from the outer coating
(fig. 11(c)) indicates a different crystalline structure: a microcrystalline structure, as also shown in the high-resolution
image in figure 13.

Figure 10.—SEM micrograph from surface of monazite-coated Sylramic fiber.

10 �m
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Figure 11.—TEM cross-sectional image (a) of the monazite-coated Sylramic fiber, microdiffraction pattern from
   one of the monazite crystallites in the inner layer (b), SADP from the outer layer (c), EDS from the monazite 
   crystallites in the inner layer (d) and the outer layer (e).
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Figure 12.—TEM bright-field image of monazite-coated Sylamic fiber (a) and the corresponding GIF elemental
   map of lanthanum (b).

30 nm (a) (b)(b)(a)

Figure 13.—TEM high resolution image from the micro-crystallite 
   structural outer layer of the coating in the monazite-coated 
   Sylramic fiber.

6 nm
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4.2. Scanning Auger Analysis

Elemental composition depth profiles, as obtained from scanning Auger analysis of as-received, but desized, Hi-
Nicalon and Sylramic fibers and those having monazite surface coatings are shown in figure 14.

4.2.1 Hi-Nicalon fiber.—The elemental composition (atomic %) of the as-received fiber (fig. 14(a)) is ~42 % Si and
56% C with C/Si atomic ratio of 1.33. A trace amount of oxygen is also detected. These results are in good agreement
with the fiber composition supplied by the manufacturer (table I).

4.2.2 Sylramic fiber.—A high C concentration is seen (fig. 14(b)) at the surface, which may be due to contamination
found on any material, and can be disregarded. This could also be from the residue left behind from the PVA sizing on
the fiber. Below a depth of ~10 nm, Si and C are present in almost 1:1 ratio, required for stoichiometric SiC in the fiber.
Ti and B are also detected that confirms the presence of TiB2 in the fiber. Trace amount of N is also detected.

4.2.3 Hi-Nicalon/LaPO4 fiber.—There are three regions of interest in the profile (fig. 14(c)): the coating – roughly
the La containing region, the fiber – the region in which the Si and C concentrations were stable and the interfacial region,
between these two. The LaPO4 coating extended to a depth of about 50 nm and was approximately stoichiometric.
Although there appeared to be excess La, the limits of the quantification procedure make this highly uncertain. In the
interfacial region from about 55 to 75 nm, concentrations changed rapidly. This region was impossible to quantify
accurately because of the depth resolution effects mentioned above, but it is clear that La disappears, P increased and
there was excess C. Oxygen was probably present, but because of its steep gradient, it was hard to quantify. Finally, below
about 80 nm the Hi-Nicalon fiber appeared. Excess C is characteristic of these fibers.

4.2.4 Sylramic/LaPO4 fiber.—Again, there are three other regions of interest in the profile (fig. 14(d)): the
coating – roughly the La containing region, the fiber – the region in which the Si and C concentrations were stable and
the interfacial region, between these two. The effect of surface roughness of this fiber on depth resolution, which was
mentioned above, made it difficult to interpret this profile. There may have been a stoichiometric LaPO4 layer in the first
30 to 40 nm, and there was clearly excess P in the interfacial region. It also appears that C increased before Si in the 50
to 80 nm region below the surface. All of this could be consistent with a coating identical to that on the Hi-Nicalon fiber,
but with a profile distorted by the roughness of the Sylramic fiber. In the fiber itself, below 250 nm, the profile showed
only Si and C with a Si:C ratio of 1:1, as expected.

4.3. Tensile Strength

Ceramic fiber strength is determined by the statistical distribution of flaws in the material. The tensile strength of
ceramic fibers is generally analyzed on the basis of the well known Weibull statistics (ref. 19). An excellent review of
the subject was provided by Van der Zwaag (ref. 20). The Weibull modulus describes the distribution of strength in
materials, which fail at defects according to the weakest link statistics. The probability of survival of a material is given
by the empirical equation:

P P Vs u o
m

= − = − −( ){ }





1 1( ) exp / ( )σ σ σ σ

where Ps is the survival probability (P(s) = 1– Ps is the failure probability) of an individual fiber at an applied stress of
σ, V is the fiber volume, σu is the stress below which failure never occurs, σo is the scale parameter, and m is the shape or
flaw dispersion parameter. For a given material, the Weibull modulus m and σo are constant. Assuming σu = 0 and
uniform fiber diameter along the length, L, corresponding to the volume, V, equation (1) can be rearranged as:

ln ln / ln ln / / ( ) ln ( )1 1 1 2P P ms( ) = ( )[ ] = +σ σ constant

The experimental data are ranked in ascending order of strength values and the cumulative probability P(σi) is assigned as

P i Niσ( ) = +( )1 3( )

where i is the rank of the tested fiber in the ranked strength tabulation and N is the total number of fibers tested. A least-
squares linear regression analysis is then applied to a plot of lnln1/Ps versus ln(σ) whose slope is the Weibull modulus m.

It has recently been reported (refs. 15 and 21) that the strength and Weibull modulus of ceramic fibers obtained using
measured and average values of fiber diameters were in good agreement. Therefore, an average fiber diameter of
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Figure 14.—Surface depth profiles of various elements obtained using scanning Auger microprobe for
   (a) Hi-Nicalon, (b) Hi-Nicalon/LaPO4, (c) Sylramic, and (d) Sylramic/LaPO4 fibers.
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(d)

Figure 14.—Concluded. (c) Sylramic, and (d) Sylramic/LaPO4 fibers.
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13.5 µm for Hi-Nicalon and 10.8 µm for Sylramic, instead of the measured diameter for each filament, was used in
calculating strength and Weibull modulus of fibers in the present study. For the coated fibers, the coating was excluded
from fiber diameter measurements, as monazite is not strongly bonded to the fiber surface. The ln ln (1/Ps) versus ln σ
Weibull probability plots for room temperature tensile strength of uncoated and LaPO4 coated Hi-Nicalon and Sylramic
fibers are presented in figure 15 and the values of Weibull parameters obtained from linear regression analysis are
summarized in table II. For the as-received Hi-Nicalon and Sylramic fibers, values of tensile strength are 3.19±0.73 and
2.78±0.53 GPa and Weibull modulus are 5.41 and 5.52, respectively. Hurst et al. measured (ref. 22) tensile strength of
seven different lots of Hi-Nicalon fiber. The room temperature strength varied from 2.7 to 3.6 GPa with an average value
of 3.0 GPa. The Weibull modulus ranged from 7 to 9. For the Sylramic fiber, room temperature tensile strength varied
from 2.1 to 4.3 GPa. The Weibull modulus ranged from 4 to 6. The manufacturer’s information data sheets (ref. 23) report
room temperature tensile strength values of 2.8 GPa for Hi-Nicalon and 3.4 GPa for Sylramic fibers. The Hi-Nicalon and
Sylramic fibers coated with monazite surface layers show strength loss of ~10 and 15 percent, respectively. It has also
been recently reported (ref. 11) that tensile strengths of Nextel 720TM fibers were degraded by 25 to >50 percent when
coated with monazite using different precursors. This reduction in strength has been attributed to stress corrosion from
different decomposition products from various precursor chemistries.

TABLE II.  WEIBULL PARAMETERS FOR ROOM TEMPERATURE TENSILE
STRENGTH OF HI-NICALON AND SYLRAMIC FIBERS

Fiber Average strength,
GPa

Std. dev.,
GPa

Weibull
modulus,

m
Hi-Nicalon (as-received, flame desized) 3.19 0.73 5.41
Monazite coated Hi-Nicalon 2.91 0.78 3.75
Sylramic (as-received, flame desized) 2.78 0.53 5.52
Monazite coated Sylramic 2.33 0.39 7.13
20 filaments tested for each fiber type; gage length = 2.54 cm; crosshead speed =
    1.261 mm/min.
An average diameter of 13.5 mm for Hi-Nicalon and 10.8 mm for Sylramic fibers
    was used.

Figure 15.—Weibull probability plots for room 
   temperature tensile strengths of (a) Hi-Nicalon,
   (b) Hi-Nicalon/LaPO4, (c) Sylramic, and (d) 
   Sylramic/LaPO4 fibers.
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5. SUMMARY

Room temperature tensile strengths of as-received Hi-Nicalon and Sylramic fibers and those having monazite
surface coatings were measured. The average tensile strengths of uncoated Hi-Nicalon and Sylramic fibers were
3.19±0.73 and 2.78±0.53 GPa with a Weibull modulus of 5.41 and 5.52, respectively. The Hi-Nicalon and Sylramic fibers
coated with monazite surface layers showed strength loss of ~10 and 15 percent, respectively. The elemental
compositions of the fibers and the coatings were analyzed using scanning Auger microprobe and EDS. The LaPO4
coating on Hi-Nicalon fibers was about 50 nm thick and approximately stoichiometric. The coating on the Sylramic fibers
extended to a depth of about 100 to 150 nm. The coating may have been stoichiometric LaPO4 in the first 30 to 40 nm
of the layer. However, the surface roughness of Sylramic fiber made this profile very difficult to interpret. Microstructural
analyses of the fibers and the coatings were done by SEM, TEM, and selected area electron diffraction. Hi-Nicalon fiber
consists of fine β-SiC nanocrystals ranging in size from 1 to 30 nm embedded in an amorphous matrix. Sylramic is a
polycrystalline stoichiometric silicon carbide fiber consisting of submicron β-SiC crystallites ranging from 100 to
300 nm. Small amount of TiB2 nanocrystallites (~50 nm) are also present. The LaPO4 coating on Hi-Nicalon fibers
consisted of a chain of peanut shape particles having monazite-(La) structure. The coating on Sylramic fibers consisted
of two layers. The inner layer was a chain of peanut shape particles having monazite-(La) structure while the outer layer
comprised of much smaller microcrystalline particles.

6.  CONCLUSIONS AND FUTURE WORK

Application of monazite surface coatings on Hi-Nicalon and Sylramic fibers degrade their room temperature tensile
strength by ~10 and 15 percent, respectively. The monazite-coated silicon carbide fibers will be used as reinforcement
for celsian and other matrix composites.
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